Considering the significant potential of many natural products as anticancer agents, the present investigation was undertaken to explore the anticancer potential of Abrus precatorius. Bioassay-guided fractionation led to two active fractions, APH-11 and APM-3 exhibiting IC 50 values of 14.64±1.84 and 20.90±3.58 µg/ml, respectively against the human acute monocytic leukaemia cell line. In vitro cytotoxicity of APH-11 and APM-3 against the human acute monocytic leukaemia cell line was compared with that against peritoneal macrophages and HEK-293 cells. These fractions significantly induced apoptosis, as evaluated by TdTmediated dUTP nick-end labelling assay. Accumulation of cells at sub-G0/G1 phase was demonstrated by cell cycle analysis. Western blot analysis further revealed that the cell death induced by APH-11 and APM-3 fractions occurred through apoptosis involving caspase-3/-7 and PARP cleavage. Liquid chromatography with tandem mass spectrometry study was carried out for the identification of metabolites in these fractions. The overall results provided evidence that fractions from Abrus precatorius induced cell death of the human acute monocytic leukaemia cell line through apoptosis.
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Cancer is one of the serious health issues, affecting millions of individuals every year across the globe spreading further with continuance and increasing incidence annually. The World Health Organization estimated that deaths from cancer worldwide are projected to rise reaching an estimated 13.1 million casualties in 2030 [1, 2] . In spite of considerable advances in imaging and molecular diagnostic tools, the disease still continues to hamper the treatment process of millions of patients globally. The survival has not been improved due to low selectivity, different levels of toxicity in normal tissues and rapid advancement of resistance to chemotherapeutic agents [3] . Natural products have regained prominence and serve as potential starting materials for the discovery of new agents owing to increasing comprehension of their biological roles [4] . Plant-derived molecules comprise an essential source of anticancer agents owing to their structural diversity, drug ability and biological compatibility. A plethora of antineoplastic drugs such as taxoids, camptothecin, vinca alkaloids and podophyllotoxin derivatives have emerged from anticancer screening of ethanopharmacologically important medicinal plants [5] . The role of plant-based drugs like vinblastine, paclitaxel and etoposide in cancer therapy is well-established [6] . Over the years, plant-derived pharmaceuticals have proven to be more potent and less toxic, which is one of the ways to increase the efficacy of anticancer drugs and is also an important approach in the search for novel anticancer compounds [7] . Recent evidence indicates the vital roles of apoptosis in the development of therapeutic agents for treating cancer [8] .
The homeostasis in eukaryotic cells is subjected to a delicate balance between survival and death signals originated from extracellular domain [9] . Apoptosis, as a highly related and well-established phenomenon, regulates this homeostasis of tissue systems and cell growth in organisms by eradicating the worn-out, damaged and unwanted cells [10] . This self-suicidal cellular program is crucial for organ development, tissue remodelling and regulation of immune responses [11] . Apoptosis is an organised and well-knit cellular process that takes place in abnormal physiological and pathological conditions. The growth and division of normal cells is under a tight control of various cellular signals. A change in these signals and mechanisms in normal cells because of various factors like mutations make them to evade apoptosis and transform into cancerous cells [12] . Thus, surpassing the process of apoptosis is a key to the development of cancer. Development of approaches that reinstall the apoptotic machinery selectively within tumour cells could be an effective measure of cancer control [13] . A wide variety of natural compounds from medicinal plants appears to possess significant cytotoxic as well as chemopreventive activity via apoptosis. It has been shown that natural products derived from plants promote apoptosis in cancer cells via extrinsic or intrinsic pathway that is blocked in these cells. The most important morphological and physiological alterations that happen to cancer cells during the process of apoptosis include shrinkage of cell membranes, loss of appropriate position of organelles, membrane blebbing, chromatin condensation and fragmentation [14] . Elaborate studies with such compounds with respect to their abilities to induce apoptosis and to understand their mechanism of action may provide valuable information for their possible application in cancer therapy and prevention. However, some traditionally used plants remain to be scientifically validated. Therefore, many investigators are persistently focusing on these plants in quest of novel chemotherapeutics [15] .
Abrus precatorius L. (Fabaceae) is a vine, which grows extensively all over the tropical and sub-tropical regions of the world. In the traditional system of medicine, leaves, roots and seeds of this plant have been used for the management of several disorders such as anthelmintic, antidiarrheal, antiemetic and also for inhibition of intestinal motility [16] . We have previously reported that crude extracts of A. precatorius possess significant antiproliferative activities in different human carcinoma cell lines [17] . However, the possible apoptotic mechanism remained unknown. Therefore, this study was intended to investigate the potential cytotoxic and apoptotic effects of A. precatorius on human monocytic leukaemia (THP-1) cell line and to identify phytochemical constituents in active fractions obtained from bioactivity-guided fractionation. This cell line (THP-1) has been quite often used for the screening of natural products for their cytotoxic activities [18, 19] .
MATERIALS AND METHODS
Fresh leaves of A. precatorius were obtained from Central Research Institute of Unani Medicine Hyderabad, India. The plant was authenticated, and a voucher specimen (UoH/VS/AP-2) has been preserved for future reference. The crude extracts were prepared as previously described [17] and extracts were designated as APE (ethyl acetate) and APA (methanol extract) and stored at -20 ○ until further use.
Cell lines and culture conditions:
The cell lines, THP-1 and human embryonic kidney 293 cells (HEK-293) were obtained from National Centre for Cell Sciences, Pune, India. THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium, whereas HEK-293 cells were grown in Dulbecco's modified Eagle's medium. Mouse peritoneal macrophages were harvested from female BALB/c mice following intraperitoneal injection of 3 ml of 4 % thioglycollate medium [20] . The cells (THP-1, HEK-293 and macrophages) were suspended in RPMI-1640 media supplemented with 10 % (v/v) heat-inactivated foetal bovine serum, 100 units/ml of penicillin and 0.1 mg/ml of streptomycin sulphate and incubated in a humidified atmosphere of a 5 % CO 2 at 37 ○ . Before the experiments, culture medium was used for diluting the test samples to make the final concentration of dimethyl sulphoxide (DMSO) in culture to be ≤0.1 %.
Antiproliferative activity:
Antiproliferative activity of plant extracts and their fractions was measured using 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [17] . The MTT assay was undertaken in three stages. In the first stage, 50-200 μg/ml of crude extracts were tested against THP-1 cells. The crude plant extracts that showed >50 % inhibition of proliferation of cells were selected for further investigations in stage II. In the second stage, different fractions obtained from column chromatography of active crude extracts were again tested for their antiproliferative activity. The fractions that displayed >50 % inhibition of growth were selected for IC 50 determination at stage III. In the third stage, five concentrations (10, 25, 50, 75 and 100 μg/ml) were prepared from each fraction and further established against THP-1 cells. In order to determine whether the inhibitory effects of crude extracts and fractions were specific for THP-1 cells, the effect of active fractions on the proliferation of peritoneal macrophages and HEK-293 were subsequently monitored.
Selective-index (SI):
To determine the cytotoxic selectivity of the substances tested, the SI was calculated according to the following Eqn.: SI = IC 50 non-cancer cells/IC 50 cancer cells.
Fractionation of active crude extracts:
The MTT assay for cell viability showed that APE and APA extracts were cytotoxic and thus, warranted further examination. APE extract (20 g ) was chromatographed on a sintered glass column with 4 cm internal diameter, 100 cm length and packed with 500 g of silica gel (60-120 mesh size) as a stationary phase prepared as a slurry in hexane. APE extract was adsorbed on silica gel by preparing slurry in methanol and solvent was recovered under reduced pressure with the aid of rotary evaporator. The elution was carried out gradually using a combination of hexane, ethyl acetate and methanol. The following ratios of solvent mixtures were sequentially used in elution process; hexane:ethyl acetate; 100:0, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80 and 1000 ml of different solvent combinations was used in each gradient step. Eluents were collected in portions of 50 ml. Finally, the column was eluted with 100 % methanol. A total of 142 fractions of 50 ml each were collected and all the eluents were pooled together based on the similarity of thin-layer chromatography (TLC) profiles detected on pre-coated TLC silica gel 60 F 254 plates using ethyl acetate/methanol and hexane/ ethyl acetate (90:10 respectively; v/v) as a developing solvent. The developed plates were sprayed with vanillin/H 2 SO 4 ; iodine and 10 % H 2 SO 4 methanol solutions. The excess solvent was evaporated under reduced pressure using a rotary vacuum evaporator to yield a total of 11 fractions designated as APH-1, APH-2, APH-3, APH-4, APH-5, APH-6, APH-7, APH-8, APH-9, APH-10 and APH-11. Each fraction was weighed and stored at -20 ○ for further analysis.
Similarly, 20 g of APA was also fractionated as described above. The extract was eluted using a combination of chloroform and methanol with an initial ratio of chloroform-methanol, (99:1 v/v), followed by 98:2, 95:5, 90:10, 80:20, 70:30, 60:40, 50:50 and 0:100. A total of 127 fractions of 50 ml each were collected and all the eluted fractions were then monitored individually by TLC and the fractions with same TLC profile were pooled; thereby, 8 major fractions were obtained and designated as APM-1, APM-2, APM-3, APM-4, APM-5, APM-6, APM-7 and APM-8. Each fraction was then concentrated to dryness under reduced pressure on a rotary evaporator. Some part of the fractions were reconstituted in a DMSO solvent to form stock solutions of 20 mg/ml and stored at -20 ○ until required.
Detection of apoptosis by TUNEL assay:
The Apoalert ® DNA fragmentation kit (Clontech Laboratories, Inc. Palo Alto, CA) was used for studying apoptosis, which is based on the principle of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labelling (TUNEL). The assay is based on TUNEL, which catalyses the incorporation of fluorescein-dUTP at the free 3'-hydroxyl ends of fragmented DNA. Briefly, the THP-1 cells (1×10 6 cells/ ml) were plated in 60 mm sterile dishes and were treated with the APH-11 and APM-3 at the concentration of 50 μg/ml, complete media (as a negative control) and doxorubicin 10 mg/ml (as a positive control) and incubated for 48 h. After the incubation period, the medium was aspirated off and cells were attached on 0.01 % poly-L-lysine-coated slides in coupling jars. The cells were fixed with 4 % methanol-free formaldehyde solution at 4 ○ for 25 min and rinsed again with phosphate-buffered saline (PBS). Subsequently, the cells were permeabilized by immersion in 0.2 % Triton X-100 in PBS for 5 min, washed with PBS, and equilibrated with the equilibration buffer for 10 min. Cells were labelled with the TdT incubation buffer by incubating at 37 ○ for 60 min. The reaction was stopped by immersing the slides in saline sodium citrate for 15 min. Thereafter, the slides were washed with PBS and treated with propidium iodide (PI; 10 mg/ml in PBS) for 15 min in a dark conditions [21] . Observations were carried out using confocal fluorescence microscopy (Carl-Zeiss). Minimum of 10 microscopic fields were perceived for each sample.
Detection of apoptosis by flow cytometry:
The effect of plant extracts/fractions on the cell cycle was determined by flow cytometric analysis [22] . The stained cells were incubated in dark at 37 ○ for 30 min and analysed by flow cytometer (FACS calibur, BD Biosciences, USA) with the quantification of population of G0/G1, S and G2/M using CellQuest Pro software (BD Biosciences). During all FACS analysis, 10 000 events for each sample were analysed.
Western blot analysis:
The identification of proteins involved in apoptosis was performed using sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting experiments as described previously [23] . The protein concentration in supernatants was determined by the Pierce ® BCA protein assay kit (Thermo Scientific, USA) according to manufacturer's instructions. A microplate reader (TECAN, Japan) was used to measure the absorbance at λ 595 nm and the concentration of the protein was calculated according to the bovine serum albumin standard curve of 0 to 1 mg/ml range. For western blot analysis, equal amount of total protein was mixed with SDS sample buffer, incubated at 100 ○ for 5 min and separated by SDS-PAGE. After electrophoresis, protein was blotted on a nitrocellulose membrane and blocked for 3 h in blocking solution at room temperature. Each membrane was incubated with appropriate primary antibodies at 4
○ overnight and washed with Tris-buffered saline with Tween 20 (TBST). The blots were incubated with Horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 90 min, washed three times with TBST, and then followed by visualization with enhanced chemiluminescence kit (ECL Western blotting detection kit, GE Healthcare, USA).
Liquid chromatography-tandem mass spectrometry (LC-MS/MS):
The active fractions were analysed by LC-MS/MS analysis using both positive and negative electrospray ionization-tandem mass spectrometry (ESI-MS/ MS) modes. An electrospray interface with excellent sensitivity, fragmentation and linearity were optimized to characterize the fragment ions of analysed fractions. Agilent 1200 series coupled with DAD-UV detector that was equipped with Agilent Technologies 6520 with Accurate-Mass Q-TOF mode was used to perform mass spectrometry and Zorbax XDB-C18 column rapid resolution (1.8 μm, 4.6×50 mm). The flow rate was maintained at 0.2 ml/min, and the injection volume was 0.2 μl/sample. Analyses was performed using binary gradients of Milli-Q water: mobile phases 
○ with a flow rate of 8 l/min; nebulizer pressure was maintained at 35 psi. MS/MS data were acquired in negative ionization mode to obtain m/z of the fragment ions. The Dictionary of Natural Products on DVD software (CRC Press, Taylor and Francis Group), MassHunter software (Agilent), MassBank were used to analyse the chromatography profiling data.
Calculations and statistical analysis:
The antiproliferative and cell viability data of this study were based on three replicates with mean±SD. Analysis of variance (ANOVA), followed by Student's t-test and Bonferroni post-test were used to determine the statistical significance. P-value less than 0.05 was considered statistically significant. IC 50 value (the concentration of extracts/fractions required to inhibit 50 % growth of cells) was calculated for different samples. Statistical tests as well as mean and SD calculations and graphical representation of results were performed using GraphPad Prism v5 software.
RESULTS AND DISCUSSION
The preliminary study undertaken to investigate the antiproliferative nature of extracts of A. precatorius showed that the extracts are cytotoxic to THP-1 cells in a concentration-dependent manner. The antiproliferative activity of A. precatorius crude extracts (APE and APA) and active fractions with 50 % cytotoxicity (IC 50 ) values are presented in Table 1 Table 1 ). Furthermore, the safety of these fractions was again monitored by assessing their cytotoxic effects towards normal peritoneal macrophages and HEK-293 cells. The results prominently showed that these fractions were non-toxic and had a slight inhibitory effect on cell proliferation on these normal cell models ( fig. 1B) . The APE and APM presented the best selectivity index against the THP-1 cell line (8.56 and 3.49, respectively).
The pro-apoptotic efficacy of APH-11 and APM-3 were further verified and substantiated by TUNEL assay.
Apoptosis in a cell usually results in the introduction of nicks in genome and these nicks can be visualised using TUNEL assay by a fluorescent microscope. At the concentration 50 µg/ml of APH-11 and APM-3, there was a positive increase in the TUNEL stain (green fluorescein-dUTP) that indicates the accumulating DNA damage ( fig. 2) . No significant DNA damage was observed in untreated cells. These results demonstrate that APH-11 and APM-3 efficiently induced apoptosis in THP-1 cells by producing nicks in the genome.
Apoptosis and changes in cell cycle were analysed by flow cytometry using propidium iodide staining. Cell cycle was examined using flow cytometry after exposure to 50 µg/ml APH-11 and APM-3 for 24 and 48 h. The relative DNA content in treated and untreated THP-1 was represented as G0/G1, S and G2/M phases within the interphase of cell cycle. The results clearly establish the alteration of cell cycle profile in THP-1 cells treated with active fractions. The results showed that treatment with 50 µg/ml fractions caused a significant increase in sub-G0 population (apoptotic cells) with time compared to control group (APH-11; 70.9 % for 24 h and 67.9 % for 48 h; APM-3; 41.7 % for 24 h and 52.5 % for 48 h). APH-11 treatment exhibited growth arrest in S-phase as there was no change in G1 and G2/M percentage cells at 24 and the time point of 24 and 48 h. These results suggested that APH-11 and APM-3 can induce alterations in cell 48 h but APM-3 exhibited growth arrest at G1 phase due to which there is a decrease in S and G2/M cells at cycle pattern, which may lead to apoptosis in cells ( fig. 3a and b) .
To explain the possible signalling pathway by which the fractions-induced apoptosis in THP-1 cells, the protein levels of various apoptosis-regulating proteins such as effector caspases (caspase-3 and -7) and poly(ADP-ribose) polymerase (PARP) were studied by western blotting. As depicted in fig. 4 , the exposure of THP-1 cells to fractions for 24 h led to downregulation of procaspase-7 and 3, which signify the cleavage of caspases and therefore, the activation of apoptotic pathways. Moreover, these fractions-induced cleavage of PARP at 24 h that indicates the activation of caspase-7, as compared to control. Since the PARP is one of the biochemical markers of cells that undergo apoptosis, our results suggested that the process of apoptosis was triggered in THP-1 cells following the treatment with A. precatorius fractions.
Since APH-11 and APM-3 showed significant antiproliferative activity, they were further investigated for identifying the possible bioactive metabolites present in active fractions using LC/MS-MS analysis.
The information on molecular mass of the components can be revealed by LC-MS analysis of sample. MS 2 dissociations give further structural information on the compounds (Table 2) , complementing the highresolution LC/ESI-MS n , which were analysed with the support of Agilent Mass Hunter software and DNP and Mass Bank databases. In fraction APH-11, only one peak was identified in positive mode. According to LC-ESI-MS-MS spectrum of a compound 1 assigned it as abrectorin ( fig. 5A) + along with its fragments suggest compound 1 as abrectorin [24] . In APM-3, two peaks were identified in negative ionisation mode. -along with its fragments suggests compound 3 as luteolin fig. 5C . Some of the LC-MS/MS peaks remained unidentified, because of lack of library data of corresponding compounds.
Cancer progression is dependent on the delicate balance between cell proliferation and cell death. The induction of apoptosis might be a useful method for the discovery of chemopreventive and chemotherapeutic agents in the treatment of cancer cells [26] . Compounds from plants, which act as apoptotic inducers have been studied by several groups in the recent past [27, 28] . In this investigation, we demonstrated for the first time that semi-purified fraction from A. precatorius induces apoptosis in human monocytic leukaemia cells in vitro. The extracts (APE and APA) and their subsequent fractions (APH-11 and APM-3) were able to inhibit the cell viability in a concentration-dependent manner in the studied cell line, the fractions being manifold potent than their parent extracts. According to US National Cancer Institute (NCI), the criteria of cytotoxicity for crude/semi-purified fraction is the value of an IC 50 < 30 µg/ml in the preliminary assays [29] . The results showed that the fractions increased the rate of cell death at lesser concentrations than that of parent crude extracts and satisfied the criteria of a promising anticancer drug as per the NCI guidelines. Since it is important for an anticancer agent to exhibit cytotoxicity that is selective for cancer cells [30] , keeping this in view, the effect was studied on normal cells (HEK-293 and mouse peritoneal macrophages). The results showed that normal cells were not markedly affected when exposed to the same fractions. The relatively high selectivity index indicates that these extracts may be useful for the design and development of anticancer drugs in future and therefore, we proceeded with the study of cytotoxicity mechanism.
Apoptosis has long been recognised as a novel therapeutic strategy for identification of anticancer agents owing to its role in cellular destruction during the maintenance of physiological and cellular homeostasis in organisms [31] . This mode of cell death is a strictly controlled process, characterized by chromatin condensation, DNA fragmentation, membrane blebbing, cell shrinkage and compartmentalization of dead cells into apoptotic bodies, along with various biochemical changes [32] .
Our results demonstrated that THP-1 cells displayed early as well as late phases of apoptosis-like activation of caspase-7/-3 and PARP, nuclear fragmentation in response to treatment with fractions. One of the remarkable and easily distinguishable features of cells undergoing apoptosis is the fragmentation of DNA [33] . The results demonstrated that DNA fragmentations were clearly detectable in THP-1 cells, at the level of treated concentrations of fractions for 48 h via TUNEL assay, which is a direct indicator of cellular apoptosis. Many anticancer molecules show growth inhibition and/or apoptotic cell death of cancer cells by modulating the cell cycle regulatory molecules [34] , hence, targeting cell cycle is an important approach in cancer therapy [35, 36] . Results obtained from the flow cytometry analysis revealed that both the fractions (APH-11 and APM-3) were able to alter the cell cycle. However, it is worth to note that there was not any considerable change in the cell cycle pattern or cell cycle arrest at lower concentrations below than 50 μg/ml. Such phenomenon of differential effect of various concentrations of natural products on cell cycle is not uncommon [37, 38] . A time-dependent increase in the percent sub-G0/G1 cell population was quite evident following the treatment of these fractions. The ability of APH-11 and APM-3 to alter the cell cycle and to induce apoptosis in THP-1 is believed to contribute to the antiproliferative activity of these fractions. The activation of aspartate-specific cysteine protease is an essential step of apoptosis induction elicited by drugs and cleavage of PARP by caspase-3 is considered to be one of the hallmarks of apoptosis [39] . PARP, a critical signalling nuclear protein is involved in catalysing the synthesis of poly(ADP-ribose) binding to DNA strand breaks and altering the nuclear proteins in the process of DNA repair. However, the cleavage of PARP inhibits DNA repair mechanism as it is a downstream substrate of caspase-3 and is an indicator of apoptosis. In this study, APH-11 and APM-3 fractions were able to cause caspase-7/3 cleavage, and PARP activation (fig. 4) . The possible mechanism of the induction of apoptosis by the active fractions in THP-1 cells might be a caspase-dependent pathway in which caspase-7/3 are activated sequentially which leads to PARP cleavage. These findings were observed in earlier reports in which plant extracts/compounds were shown to induce apoptosis through the activation of caspases in different human cancer cell lines [26, 40] . As the activation of caspases-7/3 and PARP being shown as an early event in the DNA fragmentation and TUNEL assays during APH-11/APM-3-induced apoptosis in THP-1 cells, further study on initiator caspase 8 and 9 would be vital to describe the extrinsic and intrinsic apoptotic pathways [41] . Nevertheless, the findings revealed that APH-11 and APM-3 affect the THP-1 cells by activating the caspases in apoptotic pathway. The fragmentation pattern observed in MS-MS spectra found to match with the literature of/from DNP and public domain. The MassBank spectral database supports the possibility of presence of abruquinone A, luteolin and abrectorin metabolites in active fractions. These identified compounds are classified under polyphenols (flavonoids), which are known to exhibit numerous biological activities. Many recent epidemiological studies have revealed that polyphenols from plants are promising nutraceuticals, which reduce the risk of some chronic diseases like cardiovascular diseases, neurodegenerative disorders and neoplastic diseases [42, 43] . Furthermore, the plant-derived polyphenolic compounds have shown anticancer properties against different types of cancers [44, 45] , which explains the high interest and initiation of many studies to evaluate the biological activities as well as bioavailabilities of polyphenolic compounds. Abruquinone A has been isolated previously from A. precatorius roots and was shown to possess antiinflammatory, antiallergic and cardiovascular effects in several studies [46] . Luteolin exhibits widespread pharmacological benefits including antioxidant, hypertension, inflammatory disorders, cancer and other chemopreventive effects [47] . Abrectorin has been confirmed in A. precatorius and other plant species with medicinal properties [48] .
In conclusion, the present study demonstrated for the first time the antiproliferative effect of fractions of A. precatorius leaves that induced programmed cell death via induction of DNA fragmentation, alteration of cell cycle and activating a caspase cascade. In addition, we could hypothesize that these fractions might be preferably involved in the intrinsic apoptotic pathway. However, such specificity needs to be proved by additional analyses, and the mechanism of targeting apoptotic pathway remains unknown. However, further studies are needed to elucidate the active principle and validate these findings in various in vivo settings so as to develop it as a potential therapeutic agent for treating acute monocytic leukaemia.
